Southeast Asian populations of the fruit fly Drosophila melanogaster differ from ancestral African and derived European populations by several morphological characteristics. It has been argued that this morphological differentiation could be the result of an early colonization of Southeast Asia that predated the migration of D. melanogaster to Europe after the last glacial period (around 10,000 years ago). To investigate the colonization process of Southeast Asia, we collected nucleotide polymorphism data for more than 200 X-linked fragments and 50 autosomal loci from a population of Malaysia. We analyzed this new single nucleotide polymorphism data set jointly with already existing data from an African and a European population by employing an Approximate Bayesian Computation approach. By contrasting different demographic models of these three populations, we do not find any evidence for an early divergence between the African and the Asian populations. Rather, we show that Asian and European populations of D. melanogaster share a non-African most recent common ancestor that existed about 2,500 years ago.
Introduction
The demographic history of wild populations of the fruit fly Drosophila melanogaster is a subject of investigation for several decades (David and Capy 1988; Baudry et al. 2004; Stephan and Li 2007) . This is mainly due to the fact that this species is used as a model organism in studies of local adaptation (Ometto et al. 2005; Li and Stephan 2006; Pool et al. 2006) . These studies attempt to detect evidence for past events of positive selection by scanning the genome for specific patterns of genetic variation. In these analyses, the identification of major demographic events that affected the populations in the recent past plays an important role for at least two reasons. First being able to identify the ancestral and derived populations and obtaining reliable estimates for the times at which the derived populations colonized new habitats is critical in understanding to which environmental conditions these populations had to adapt. Second studies of local adaptation that are trying to detect genes targeted by positive selection are based on the assumption that the adaptive event required the fixation of beneficial alleles. The rapid increase in frequency of a favorable allele may leave a typical signature in DNA polymorphism data (Maynard Smith and Haigh 1974 ) that is called a selective sweep. Such signatures can be detected by recently developed methods (Kim and Stephan 2002; Kim and Nielsen 2004; Nielsen 2005; Stephan et al. 2006; Jensen et al. 2007; Pavlidis, Jensen, et al. 2010) . Some of these methods rely on a demographic model that helps to control for the fact that neutral demographic forces (such as population size bottlenecks in the recent past) may generate similar signatures as selective sweeps (Barton 1998) . Estimation of demographic models can therefore help to reduce the rate of false positives and to identify chromosomal regions that are not compatible with neutral demographic scenarios.
Previous studies showed that ancestral populations of D. melanogaster live in the African mainland south of the Saharan desert (Tsacas and Lachaise 1974) . Furthermore, historical and morphological lines of evidence indicate that derived populations may be categorized into ancient populations that have colonized the Eurasian continent during prehistoric times, and new populations that have colonized the American and Australian continents during historic times along with recent human migrations (David and Capy 1988) . More recently, studies based on a rigorous statistical analysis of genome-wide samples of nucleotide polymorphism data could confirm that D. melanogaster originated in sub-Saharan Africa (Li and Stephan 2006) . These studies could also show that divergence between African and European populations occurred about 16,000 years ago and that this event was associated with a population size bottleneck (Li and Stephan 2006; Thornton and Andolfatto 2006) .
In contrast, the timing of the colonization process of the Asian populations has not been identified yet. The first study that analyzed Asian populations of D. melanogaster contrasted patterns of morphological variation between derived and ancestral populations (David et al. 1976 ). This study showed that Asian populations are characterized by specific morphological and physiological properties, such as slower development growth, higher fresh weight, and smaller ovariole numbers than African and European populations. Based on these results, the authors proposed the existence of a ''Far Eastern Race'' of D. melanogaster. One of the hypotheses that has been proposed to explain the morphological divergence was the occurrence of an ancestral divergence between African and Asian populations. This early colonization of Asia would have predated the divergence between African and European flies and occurred before or during the last ice age. In contrast to these results, recent population genetics surveys revealed that nonAfrican populations of D. melanogaster share a unique origin (Baudry et al. 2004; Schlötterer et al. 2006 ). However, these latter studies do not provide an estimation of the time at which D. melanogaster colonized the Asian continent. Furthermore, they do not explicitly model the colonization process.
In this study, we conducted a population genetic analysis of three populations of D. melanogaster from Africa, Europe, and Southeast Asia. We sequenced nearly 280 fragments on the X and third chromosome of the Asian population and analyzed this new data set together with existing data that have been collected for the African and European populations (Glinka et al. 2003; Ometto et al. 2005; Hutter et al. 2007 ). We employed an Approximate Bayesian Computation (ABC) approach (Beaumont et al. 2002) to investigate the demographic histories of these three populations. We found that a model in which Asian and European populations share a common nonAfrican ancestor is more likely than a scenario with an independent early colonization of the Southeast Asian region. We show that the divergence between Southeast Asian and European D. melanogaster populations occurred about 2,500 years ago.
Materials and Methods

Samples
The individuals analyzed come from 36 inbred lines sampled from an African population from Zimbabwe, a European population from The Netherlands, and an Asian population from Kuala Lumpur (Glinka et al. 2003 .
Collection of DNA Sequence Data
We sequenced from the Asian sample a subset of the loci that have also been sequenced in the African and European samples (Glinka et al. 2003; Ometto et al. 2005; Hutter et al. 2007 ). We reused the same primers to sequence 222 fragments of about 550 bp on the X chromosome and 51 fragments on the third chromosome. Sequences were generated as described in Glinka et al. (2003) . We aligned the new Asian sequences to the already existing African and European data sets and retained for the demographic analysis only the fragments for which data was available from at least nine individuals in every population (208 X-linked and 50 autosomal fragments). Sequences have been deposited in GenBank (accession numbers: HQ396779-HQ396790 and HQ860796-HQ863959).
Evolutionary Scenarios
We analyzed two different demographic scenarios to investigate how the Asian population is related to the Africa and European ones. Graphical representations of the two models are given in figure 1 , and a description of the prior distributions of the model parameters can be found in table 1. Both models are characterized by the absence of migration between populations and a stepwise expansion in population size of the ancestral African population, as it has been described in Li and Stephan (2006) .
The first model that we called the double colonization scenario (DCS) describes a demographic history where the Asian and European populations split off independently from the African population ( fig. 1 ). This model has been designed to test the hypothesis that the migration of D. melanogaster from Africa to Asia predated the colonization of the European continent. The second scenario that we called the single colonization scenario (SCS) describes a situation in which D. melanogaster has migrated out of Africa through a single colonization route; that is, all non-African (cosmopolitan) populations of D. melanogaster share a non-African common ancestor (Baudry et al. 2004) . To model this scenario, we relied on previous demographic analyses of the African and European populations. These studies showed that the European population derived from the African one and went through a population size bottleneck (Li and Stephan 2006; Thornton and Andolfatto 2006) . We modeled the Asian population assuming that it split off from the European population and underwent a population size bottleneck associated with this founding event ( fig. 1 ). Because this model is making the assumption that the European population underwent one bottleneck against two for the Asian population, we also investigated an additional model that we called the SCS-2 model, where we inverted the situation and applied one bottleneck to the Asian and two to the European population. This approach allowed the European and Asian populations to experience different levels of genetic drift in our models. It is important to note here that our modeling approach 
Approximate Bayesian Inference
To estimate the posterior probabilities of different demographic models and posterior distributions of the parameters of these models, we took an ABC approach. ABC is a computational method in Bayesian statistics that is used in population genetics to perform model-based parameter inference when suitable likelihoods are not available or computationally prohibitive (Pritchard et al. 1999; Beaumont et al. 2002; Excoffier et al. 2005) . The method relies on the comparison of a vector of summary statistics computed on the observed data, D obs , with those computed on a large number of simulated data sets for which the parameters of interest are known, D sim . Here, we implemented our ABC algorithm following Excoffier et al. (2005) . The algorithm used to estimate the parameters of a model is composed of three steps: a simulation step, a rejection step, and an estimation step. The simulation step consisted in simulating, for every evolutionary scenario, 1 million data sets that were identical to our observed data set in terms of numbers of loci and sample sizes. Every evolutionary scenario was defined by a set of parameters (population sizes, age of different demographic events), and every parameter was characterized by a prior distribution (table 1). For each evolutionary scenario, we sampled from the prior distribution and used the randomly picked parameter values to perform coalescent-based simulations. The way in which the rejection and the estimation steps have been applied to these simulated data sets differed for the model choice and the parameter estimation procedures and are described later in the corresponding sections.
To simulate these data sets, we incorporated available external information about the local mutation rates (l) and the local crossing-over rate (r). This allowed us to directly estimate posterior distributions for effective population sizes instead of estimating them for the compound population parameters h 5 4N e l and q 5 4N e r where h is the coalescent mutation parameter, q the coalescent recombination rate, and N e the effective population size. Mutation rates for every fragment were calculated based on genetic divergence to the sister species D. simulans (Kimura 1980) following Li et al. (1999) ; that is, assuming a divergence time between D. melanogaster and D. simulans of 2.3 My and correcting for prespeciation divergence. However, divergence-based estimates of mutation rates can potentially be biased by the long-term action of purifying selection on noncoding regions. We therefore took this uncertainty into account by putting a uniform prior distribution on the mutation rate of every simulated fragment centered around the local divergence-based estimate l est with lower and upper boundaries l est /2 and 2l est .
Similarly, external information about the local recombination rates was used to generate our simulated data sets. Recombination rates are given as the local rates of crossingover per site per generation and were calculated using the ''Recombination Rate Estimator'' web-based program (Singh et al. 2005 ; see also Hutter and Stephan 2009) available at http://petrov.stanford.edu/software.html (accessed February 24, 2011) . However, these estimates have been obtained using a North American population, and it is reasonable to think that the real recombination rates in our populations may deviate from these values. To show that the results of our study are robust to this potential deviations, we put a prior distribution on the recombination rate at each locus centered on the Singh et al. (2005) estimate r est , with lower and upper boundaries set at r est /2 and 2r est .
The coalescent simulations were performed using a slightly modified version of the program ms that allows to simulate data sets with unequal sample sizes across loci (Hudson 2002; Ross-Ibarra et al. 2008) . However, to sample parameter values from prior distributions and to compute summary statistics on the simulated data efficiently, we developed our own code. For this, we used the Gnu Scientific Library Cþþ library and the libsequence Cþþ library (Thornton 2003) . Simulations were launched on a 64-bit Origin of Asian Fruit Flies · doi:10.1093/molbev/msr031 MBE Linux cluster with 510 nodes. We checked for errors in our code by comparing simulation results with similar computations performed by msABC, a coalescent simulator for ABC simulations (Pavlidis, Laurent, et al. 2010 ).
The Model Choice Procedure
To summarize our data sets for the model choice procedure, we computed the following statistics in the three populations: the average and the variance across all fragments of the number of polymorphic sites (S), the average and the variance of Tajima's D (Tajima 1989) , and the average Z nS (Kelly 1997) . Additionally, we computed for all pairs of populations the average distance of Nei, D A (Nei and Li 1979) , and the average proportion of shared polymorphisms between populations, S S . Monomorphic fragments were removed from the analysis. These statistics have been chosen based on their correlation with important demographic parameters. For example, the number of polymorphic sites is expected to increase with the effective population size, and variations of Tajima's D statistic can reflect past fluctuations in population size. The Z nS statistic (Kelly 1997 ) is a measure of linkage disequilibrium (LD) defined as the average r 2 over all pairwise comparisons of polymorphic sites in a sample of sequences, where r 2 is the squared correlation of allelic identity between two loci (Hartl and Clark 1989, p. 53-54) . This statistic is expected to be sensitive to variations in the length of the oldest branches of gene genealogies and can therefore carry information about ancestral population sizes and the severity of population size bottlenecks. The distance of Nei and the proportion of shared polymorphisms are measures of genetic differentiation between our populations and are expected, in a model without migration like ours, to correlate with times of divergence of two populations. All summary statistics presented in this study have been computed using the routines of the Cþþ library ''libsequence'' (Thornton 2003) .
The posterior probabilities of different demographic models can be estimated on the basis of the Euclidean distance d between the observed summarized data set and the simulated summarized data sets of all models. The inference procedure consists in retaining only simulations for which the Euclidean distance is smallest. Pritchard et al. (1999) proposed that the posterior probability of a model can be approximated by the proportion of retained simulations under that model, relative to the number of retained simulations under all models. Beaumont (2008) proposed an improvement of the method that corrects for the fact that retained simulations never exactly match the observed data. The method is based on a weighted multinomial logistic regression procedure, where the response variable is the indicator of the model and the predictor variables are the summary statistics (Fagundes et al. 2007; Beaumont 2008 ). We computed posterior probabilities for every demographic model, based on the 500 simulations associated with smallest Euclidean distance following the method of Beaumont (2008) and applied this procedure to the X-linked and the autosomal data set independently.
Because the same number of data sets have been simulated under each model, we computed Bayes factors as the ratio of the posterior probabilities. To investigate if the results of our estimations were stable with regard to the proportion of retained simulations, P d, we computed posterior probabilities for our three models using several values of P d ranging from 0.025% to 1%.
We also investigated the accuracy of our model choice procedure, following Peter et al. (2010) . We therefore simulated 1,000 pseudo-observed data sets, with the same number of fragments and sample sizes as our autosomal data set, under each demographic model (DCS and SCS) and computed for each one of them the posterior probability of having been generated under the DCS model and the posterior probability of having been generated under the SCS model. To decide whether a pseudo-observed data set should be assigned to the DCS or the SCS model, we used as an arbitrary threshold value, a ratio of posterior probabilities of 10 in favor of one of both models. Precision was measured as the proportion of correctly identified data sets under each model.
Parameter Estimation
In ABC estimations, the quality of the analysis generally relies on well-chosen summary statistics (Joyce and Marjoram 2008) . However, at least two problems arise when full genetic polymorphism data sets have to be summarized into vectors of summary statistics. On the one hand, using a small number of summary statistics may lead to a substantial loss of information compared with the information carried by the full data set, but on the other hand, increasing the number of summary statistics can cause two problems. First, summary statistics that are not related to the parameters of the model or that correlate with other summary statistics will be uninformative and will only add noise to the Euclidean distance. Second, correlations between summary statistics will violate the assumption of singularity, which is required when performing the locally weighted linear regression for estimating the parameters (Beaumont et al. 2002) . To overcome this problem, Wegmann et al. (2009) proposed to reduce the dimensionality of the summarized data set by performing a partial least square (PLS) transformation. The advantage of the PLS transformation is 2-fold. First, similar to a principal component analysis, it allows extracting a small number of orthogonal components from a matrix composed of a larger number of summary statistics of our data set. This is leading to a reduction of the uninformative signals of the Euclidean distance and ensures the singularity of the final matrix of summary statistics. Second, in a PLS transformation, the dimensionality reduction is coupled with a regression model, and the latent components (i.e., the transformed summary statistics) are constructed to maximize the prediction of the response variable of the regression model (i.e., the parameters of our demographic model) (Boulesteix et al. 2007) . Although this approach can be applied when estimating the posterior distributions of the parameters of a given demographic
ery single demographic model, whereas our model choice procedure requires that the set of summary statistics remains identical for all compared models.
We summarized our nucleotide polymorphism data sets into 12 summary statistics that carry information about the level of polymorphism, the site frequency spectrum, LD, and the amount of differentiation between all three populations. All statistics have been computed for every population separately and for the pooled data set. Summary statistics describing differentiation between populations have been computed for all possible pairwise comparisons. The list of all summary statistics that we used is given in supplementary table S1, Supplementary Material online. We used this set of summary statistics to summarize our observed and our simulated data. We constructed the PLS latent components using 10,000 simulated data sets under the best demographic model for the chromosomes X and 3. To do this, we employed code available in the ABCtoolbox package . Choosing the best number of PLS components for parameter estimations has been done by investigating the decrease of the root mean square error (RMSE) for every parameter as a function of the number of PLS components. The RMSE indicates the percentage of variation unexplained by the PLS components and is constructed by comparing the simulated parameter values with the ones predicted using a given number of PLS components. We chose the number of components to be used in the parameter estimation procedure such that additional components do not decrease the RMSE of any parameter of the model. The retained PLS components were used to transform the observed and the simulated data sets. The rejection step consisted in computing the Euclidean distance d between simulated and observed sets of summary statistics and to retain the 5,000 simulations closest to the observed data based on their value of d. Finally, we estimated posterior distributions of the parameters of interest by applying the locally weighted multivariate regression method of Beaumont et al. (2002) implemented in the abcEst program . We estimated the marginal posterior probability distribution of each demographic parameter using the kernel density estimation method implemented in the R core package and reported the mode and the 95 credibility intervals of these distributions. To investigate if the results of our estimations were stable with regard to the proportion of retained simulations, P d , we reestimated the marginal posterior distributions of all parameters of the best model using several values of P d ranging from 0.01% to 5%.
Before the regression, we transformed the parameter values as
where min and max are the lower and upper bounds of the prior, respectively. This transformation guarantees that the posterior distribution obtained after the regression step remains within the range of the prior distribution (Hamilton et al. 2005 ).
Posterior Predictive Simulations
To see how well our best model is able to reproduce the observed data, we performed posterior predictive simulations (Gelman et al. 2003; Thornton and Andolfatto 2006) . This has been done by sampling parameter values from the probability density functions of the marginal posterior distributions of our best demographic model and by using them to simulate multilocus summaries of the data. This procedure allowed us to check which aspect of the data could be explained by our model and which aspects might indicate some limitations of our model. We generated 1,000 simulated data sets that had the same number of fragments and sample sizes as our X-linked and autosomal data sets and summarized them into the mean and variance of a large number of summary statistics. For every summary statistic, we computed the probability that the simulated mean and variance are smaller than the observed ones.
Results
X-Linked and Autosomal Polymorphism Patterns in the Asian Population
For the X chromosome, we gathered polymorphism data from a total of 222 fragments, spanning 126,154 nt sites (gaps were excluded). 1,309 of these sites are polymorphic. Information about this new genome scan is summarized in table 2. On average data could be obtained from 11.6 (of 12) lines. The sequenced fragments show recombination rates ranging between 2.1 and 4.3 Â 10
À8
per bp per generation. The means (standard error [SE]) of p (Tajima 1983 ) and h w (Watterson 1975 ) across the X chromosome are 0.0037 (0.0003) and 0.0035 (0.0002), respectively. We found 39 loci with no polymorphism. The average and variance of Tajima's D along the X chromosome are 0.17 and 1.28, respectively (table 2). In order to contrast X-linked with autosomal genetic variation, we sequenced 51 autosomal loci spanning 28,441 sites from which 323 are polymorphic. Glinka et al. (2005) identified four autosomal inversions in the Asian population segregating at frequencies ranging from 0.04 to 0.24. For this study, only lines harboring no inversions were used. The fragments are randomly spread along the third Origin of Asian Fruit Flies · doi:10.1093/molbev/msr031 MBE chromosome. On average data could be obtained for 11.6 lines and sequenced fragments show recombination rates between 1.22 and 3.33 Â 10 À8 per bp per generation. The means (SE) of p and h w for the autosomal fragments are 0.0039 (0.0005) and 0.0038 (0.0004), respectively, which is slightly higher than for X-linked data. Only four fragments are monomorphic. The average and the variance of Tajima's D along chromosome 3 are 0.19 and 0.81, respectively. Tables with the number of segregating sites, diversity indices, and basic statistics for all X-linked and autosomal loci will be provided upon request.
Comparison of the African, European, and Asian Populations
In order to compare our new Asian data with the data that have previously been collected for the African and European populations (Glinka et al. 2003; Ometto et al. 2005; Hutter et al. 2007 ), we aligned data from the three populations and analyzed the data jointly. Data for all three populations were available for 208 X-linked and 50 autosomal fragments. We computed the number of SNPs S, Tajima's D, Z nS , and F ST values (Hudson et al. 1992 ) for every population and every fragment and generated distributions of these statistics across X and chromosome 3. The results of these analyses are summarized in figure 2. Compared with the African and European populations, the Asian population shows the lowest amount of nucleotide diversity ( fig. 2A ) both for X-linked and autosomal data. The distribution of Asian Tajima's D values is similar to those observed in the European population although the average D is slightly more positive on the Asian X chromosome and the variance slightly smaller on the Asian third chromosome ( fig. 2B) . The Asian population also harbors the highest levels of LD among all three populations both on the X and autosome ( fig. 2C ). The distributions of F ST values between all three pairs of populations indicate that the African and Asian populations are the most differentiated populations and that the Asian and European populations are the most closely related ones ( fig. 2D ). These analyses show that the Asian population shares several characteristics with the European population: low diversity, large variance in Tajima's D, and high LD. This suggests that, similar to the European population , the Asian population is also derived, characterized by past population size fluctuations, and might share part of its recent demographic history with the European population. This hypothesis was evaluated by the following ABC analysis.
We also compared the three populations on the basis of their ratios of X-linked with autosomal diversity (X/A diversity ratios). Recent studies showed that European populations of D. melanogaster have a smaller X/A diversity ratio compared with African populations (Hutter et al. 2007) . A possible explanation for this observation may lie in the colonization process of D. melanogaster in Europe. Pool and Nielsen (2008) showed that in a multiply mating species, like D. melanogaster, serial founder events reduce levels of genetic variability more severely on the X chromosome than on the autosomes. We computed the X/A diversity ratios for the three populations, following Pool and Nielsen (2008) , as:
where p x and p A are the nucleotide diversities, and K x and K A the number of substitutions per site between D. melanogaster and D. simulans for chromosome X and 3, respectively. Dividing nucleotide diversity by between-species divergence corrects for mutational biases. The values of the X/A diversity ratios for the African, European, and Asian populations were 0.87, 0.52, and 0.63, respectively. These results show that the Asian population has lost more X-linked than autosomal genetic variability during its range expansion, as is expected for cosmopolitan populations (Pool and Nielsen 2008) and that this effect is smaller in Asia than in Europe.
Statistical Evidence for a Single Colonization Event out of Africa
The results of the model choice procedure showed strong evidence in favor of the SCS model. The Bayes factor (Kass and Raftery 1995) was larger than 100 for both X-linked and autosomal data sets ( fig. 1) . The method also revealed that the SCS model where the Asian population undergoes two successive bottlenecks is associated with higher posterior probabilities for both X-linked and autosomal data, when compared with the SCS-2 model in which the Asian population is bottlenecked only once. The posterior probabilities were 0.99 versus 0.01 for the X chromosome and 0.9996 versus 0.0004 for chromosome 3. When letting P d , the proportion of retained simulations in the model choice procedure, vary from 0.025% to 1%, we observed that the strength of evidence in favor of the SCS model remained decisive for all values of P d and both chromosomes (supplementary table S2, Supplementary Material online). For the comparison between model SCS and SCS-2, the results also remained stable for both chromosomes. Finally, the results of our analysis of the accuracy of our model choice procedure showed that both the SCS and the DCS model could be correctly identified by the method in 97.9% and 96.8% of the cases, respectively. We thus identified the SCS model as our best demographic model and estimated the marginal posterior distribution of each parameter.
Estimation of the Demographic Parameters
We summarized the X-linked and the autosomal data sets using eight PLSs components (table 3) . Using the larger Xlinked data set, we find that the effective population size of the ancestral African population is about 1,837,000 individuals (932,000, 2,531,000) and that the out-of-Africa migration occurred approximately 16,800 years ago (9,400, 33,500). The colonization of the Southeast Asian Laurent et al. · doi:10.1093/molbev/msr031 MBE continent occurred about 2,500 years ago (700, 5, 200) , and the effective size of the Asian founding population was approximately 8,300 individuals (3000, 77,000). The corresponding estimates based on the autosomal data are comparable except for the estimate of the time of colonization of the Southeast Asian continent that is larger for chromosome 3: 5,000 years (1,000, 11,000). Estimates of the demographic parameters for the African and European populations can also be found in table 3, and graphical representations of all marginal posterior distributions for chromosome X and 3 are in figure 3. These estimates do roughly agree with earlier results that were obtained with a maximum likelihood analysis of the joint mutation frequency spectrum of the African and European population (Li and Stephan 2006) . When letting P d , the proportion of retained simulations in the parameter estimation procedure, vary from 0.01% to 5%, we observed that the mode and the credibility intervals of our posteriors distributions remained stable (supplementary fig. S1 , Supplementary Material online). 25,553 (1,698, 376,730) 0.02 37,323 (3,636, 379,212) 0.01 Ancestral African population size (10,000, 20,000,000) 1,837,229 (931,637, 2,530,609) 0.83 1,705,328 (609,393, 2,458,653) 0.82
NOTE.-The time estimations (i.e., modes and credibility intervals) are provided in years assuming ten generations per year. Population sizes are given in effective numbers of individuals. R 2 is the coefficient of determination.
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Discussion
The results of the performance analysis we carried out on the model choice procedure shows that, for a data set similar to the one we analyse in this study, the method is able to distinguish between the two demographic scenarios we investigated in this study: the SCS, where African and non-African populations have a non-African most recent common ancestor (MRCA), and the DCS, where these populations have an African MRCA ( fig. 1 ). We also showed that the results of the model choice procedure were stable with regard to variations of the proportion of retained simulations P d, These results give credibility to our finding that the SCS provides a better fit to our observed data than the DCS. The quality of the estimation of each parameter of the SCS can be assessed by the coefficient of determination (R 2 ). Previous studies have shown that parameters for which R 2 values are smaller than 5-10% are usually difficult to estimate (Neuenschwander et al. 2008) . For the parameters of our best model, R 2 values are higher than 10% (table 3) except for the parameter representing the time of the African expansion (1% for chromosome X and 2% for chromosome 3). These low values for this parameter could indicate that a simple expansion model is not the best demographic model to explain the patterns of genetic diversity observed in the African population or that the statistics we used to summarize the full data set (supplementary table S1, Supplementary Material online) did not capture enough information on this parameter. As for the model choice procedure, we showed that our parameter estimates are robust to the proportion of retained simulations P d (supplementary fig. S1 , Supplementary Material online).
Migration of human populations toward Southeast Asia started during the last ice age about 55-65 ky ago (Fagundes et al. 2007) . Due to the current commensal relation between D. melanogaster and humans, it could be envisioned that this species had colonized Southeast Asia together with the first human migrants. Such an early colonization scenario has once been used to explain the strong morphological differentiation of the Asian populations (David et al. 1976 ). However, our present demographic estimations do not support such a scenario. Rather, our results indicate that the Southeast Asian population was founded by flies that diverged from the first non-African populations at a later time. We estimated that the divergence between the African and the derived MBE population occurred about 16,800 ago (9,400, 33,500) for the chromosome X and about 12,800 years ago (7,100, 31,800) for chromosome 3. These results are in line with a previous maximum likelihood analysis of the African and European populations that suggested a date of divergence of 15,800 years (12,000, 19,000) (Li and Stephan 2006) . At this time, rising temperatures following the end of the last ice age could have favored the colonization of northern territories. Early human sedentary settlements during the natufian period (starting 13,000 years ago) in the Fertile Crescent (Bar-Yosef 1998) could already have helped to maintain a relatively large population of D. melanogaster in this region. Our results reject the hypothesis of an ancient migration of D. melanogaster to Southeast Asia, but they do not provide information about the geographic location of the split between the European and the Southeast Asian populations. Even if it seems likely that migrating D. melanogaster populations have entered the region of the Middle East by crossing the Sinai peninsula, additional information, such as genetic polymorphism data from a Middle East population, would be necessary to learn more about the geographic location of the divergence between European and Southeast Asian populations.
Furthermore, we found that the divergence between Asian and European populations occurred about 2,500 years ago (700, 5, 200) for the chromosome X and 5,000 years ago (990, 11,000) for chromosome 3. This late colonization of Asia and Europe, although favorable climatic conditions were already present before that time, suggests that D. melanogaster depended on the establishment of human populations (and perhaps agriculture) to colonize these new areas. Therefore, a long divergence time associated with a neutral process may not explain the observed morphological characteristics of the Asian populations (i.e., smaller number of ovarioles, smaller eggs, and higher fresh weight than the ancestral population) as suggested by David et al. (1976) .
We also estimated the effective size of the founding population that diverged from the ancestral gene pool (22,100 and 32,100 individuals for chromosome X and 3, respectively; table 3), and the size of the founder population that colonized the Southeast Asian region (8,300 and 11,900 individuals for chromosome X and 3, respectively; table 3). These estimates have to be taken with caution since the impact of genetic drift on the history of the derived populations may be much more complex than that produced by a simple population size bottleneck. Recurrent fluctuations in population size (Pool and Nielsen 2008) as well as population substructure might also have influenced the way genetic drift shaped the patterns of polymorphism we observe in present populations. Therefore, these estimates should be seen as a simple way of summarizing the amount of genetic drift needed to reproduce the skew in the site frequency spectrum we observe in these populations. This model can then be used to correct the rate of false positives of selection detection methods that are based on the site frequency spectrum.
The results of the predictive simulations (supplementary  table S3 , Supplementary Material online) show how well our model is able to reproduce the observed data sets. Unability to reproduce certain summary statistics of the data set indicates that some aspects of the demographic model are not optimal. The nature of the summary statistics that are not well predicted by our model can also, in some cases, indicate how the model might be improved. Although most summary statistics are correctly predicted by our best model, it fails to account for some aspects of the observed data sets (supplementary table S3, Supplementary Material online). Our model predicts higher values for the average and lower values for the variance of Tajima's D compared with observed data on the X-chromosome in the European population. Therefore, it seems that patterns of genetic variation found on the X chromosome of European D. melanogaster cannot be fully explained by a single population size bottleneck alone. Discrepancies between patterns of genetic variation found at X-linked and autosomal genes in the European population could be due to biased sex ratios and/or different intensities of selective pressures on the X chromosome (Hutter et al. 2007 ). Also, predicted values of Z nS for the African populations are higher than observed values. This could indicate that this population experienced more complicated size fluctuations than predicted by the expansion model alone or that recombination rates in the African population are higher than what we assume in this study. Interestingly, most aspects of the Asian data set can be correctly predicted by our model, with the exception of D A on the third chromosome where predictions are smaller than the observed value.
X/A diversity ratios in the three populations reflect an aspect of the data set that cannot be explained by our model. Pool and Nielsen (2008) showed that the small values of the X/A diversity ratio in the European population may be explained by serial founder events and multiple mating. Because the aim of this study was to understand how Asian populations relate to the African and European ones, we decided to analyse the X-linked and the autosomal data sets separately instead of increasing the complexity of our models. We note, however, that we do not observe large differences between the posterior distributions estimated from X-linked and autosomal data sets, which suggests that departure from expected X/A diversity ratios does not affect much our demographic estimates. Interestingly, the X/A diversity ratio is higher in the Asian population than in the European population (0.63 vs. 0.52, respectively), which could indicate that sex ratios and/or the number of founder events have been different in these two populations (Pool and Nielsen 2008) . However, additional analyses, based on more complex demographic models including serial founder events, multiple mating, and varying sex ratios, would need to be performed to further investigate this phenomenon.
In conclusion, our study generated a new data set of X-linked and autosomal nucleotide polymorphism in a Malaysian population of D. melanogaster. In addition, we performed a demographic analysis of this data, jointly with one African and one European data set, by employing an ABC approach. Our results reject the hypothesis that an Origin of Asian Fruit Flies · doi:10.1093/molbev/msr031 MBE early migration event could have led to the colonization of Southeast Asia and account for the observed morphological differentiation between African, European, and Asian D. melanogaster. The statistical model of demographic evolution that we inferred suggests that D. melanogaster colonized Eurasia after the Neolithic period, when the rise of agriculture turned small communities of hunter gatherers into larger sedentary settlements. Because D. melanogaster is now a human commensal, it is possible that the adaptive history of this species is mostly characterized by adaptations to post-neolithic human societies rather than by adaptations to the new climatic conditions that the non-African populations encountered. Local adaptation studies that may be based on our demographic analyses will help to answer this question by identifying the genes that were targeted by positive selection during this colonization process.
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